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Mechanisms of the interaction between continuous and short fibres
in textile-reinforced concrete (TRC)
Mechanismen der Wechselwirkungen zwischen Endlos- und Kurzfasern
in textilbewehrtem Beton
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plain matrix M030
= 195 mmd
matrix M030 with 1.0 % short
dispersed glass fibres
= 165 mmd
matrix M030 with 1.0 % short
carbon fibres
= 145 mmd
matrix M030 with 1.0 % short
integral glass fibres
= 195 mmd
a) b)
d)c)
  	
    	
	 	  
  	
 	
   	  	 	
 	 
 % 	 	
   
  	 	
 	   % 	 

  

   	 	
 	   % 	  
 	 !"
  	
  
 	 	
  	 
 
  	
 
		 

	 
	 	 
	
  	  	 
 	 	
    	
 

	
 
  
 	 	  
  	 

 
   	 


	 	 
	
 	 
 	      
   


	
  
 	  
 ! 	 	 	
  		
 	
 
	 "#
  	 	  $%&  ' (#)  *	
 (""+ ,"-. 	 
  
	  	   #  /	 
 	 
  	 
 	 	
 

   0  *1	 	 
  	 
  
		  	 #2
 %  -) % 34  	    #5  
 	 		
    
  
 	


	
	

(5
  	
  	
100 mm
50
0
m
m
  	
    	 
	  		  	 	 	  
	  	
	 	 	 
 	 	 	 	 	 		  		  	
  	 	
fine-grained concrete matrix laminating technique
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carbon short fibre
multifilament glass yarn
short carbon fibre
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multifilament-yarn
short dispersed
glass fibres
multifilament-yarn
100 m100 m
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short carbon fibres
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  	  	  
  
		  	 
 	
 
    	 
 
   
    	 
 
   
    	 
 	 	  		  
 	 	    	
    	 		 	  	 	     	 
			   
 	  	  		    	   	
  
	 	 	 
      !!" #	   
		   
   	 	   $  		   
	 
  %	 	 $&
	
  	    	'     	 	     		
   
 		   
 	 
 (  	  
		   		   
 	  $&
	 
  
 	&
 ) 		 	     
 $&
	  	 
 
*	    
  
)     	 	  	 	 	 
  
 	
	 	&
   	     & 	 &  
&
	        		  	 	  &
	
   	 
	 

  
   
  		
) +, 	 +- 	    	 	   	 	 
  		  &	   
	  
  .,,
	 .,+/  	   	  -, % 
      	 

  &	   
 	   	  	 ) +!
	  	 	 +--
 	   
   *	 * 	  	 
   
		 	    
 	     )  	   
.,, 	 	   
  	
 	 	 	 	 	 *	
       
 
 	 	   	  

 	 	 	 	   		 	     	  
	  
  
 +0  &	 	 	 	 	  
 	    (  ) +, 12 #	 	  		
&	   	   	     
  
 	      	 
 	   (  
  	 ) +, 12  			 	 	   &$	 	
  
    &$	    
  	    	
             	&	 
 
     		  
   	   
 .,+/  	   		 	 	  	 	 
  	   	 
  	     	    
 
	
  	  
 	  ) +- 	 
 +0 ) 
 	 *	    	    .,+/    	 
 

   	 ) +, 12 	   	   	   	
 
 
 	 	
 	 	     
	  
  	  	 
  
$    	 	 	 		  
33
  	
 
 	 	
   	

     

         
   
 
  
    	   
    
  	   	
	
   
  

 
 
   %  
 	
 	 	 
	  	  

 		

 
	 
	 	
  
	
  
	 
 
 !	"#
#	
	

 	
 	 $ %& 
	
 $'& $"( &
)	  
	 

 * + ,- ,.   / 
0  % 	  */ 1- 2 - 2, -
0  % 
	  /,, # 1 * .2 .
 /2 + 12 /   * 
0  % 	  3. * . / /3 3
0  % 
	  ,/, -. . - -* ,*
0
1
2
3
4
5
0.0 0.4 0.8 1.2 1.6 2.0
plain matrix
1.0 % short integral glass fibre
0
1
2
3
4
5
0.0 0.4 0.8 1.2 1.6 2.0
strain [mm/m]
st
re
ss
[M
P
a]
plain matrix
1.0 % short dispersed glass fibre
fibre failure dominates
fibre pullout dominates
strain [mm/m]
st
re
ss
[M
P
a]

 	 
   
 

  
  
 
	  * ' 4 * 
		 
  %    	
 	  	 
  	
 
	
 	 	


         
   
 	   
 
 
       ! "# $ 
    %&'& (	) * &'&+
       
 
  	
  

 	  %&",
(	) * &",+ - "./  ! "#' 
    
 
     %&'&
       
           
   
 

       
      
   	
  %&'& 	    	   
      
    -  	
 	0    

         	

 
 	
          
 

    
    
     0    
           
	  - "'.     	
 .& %      
 %&",
1  
    
     
       	
 

         
           

  0 (- "'& +    (- "'. +  
    	
 
%&'&  %&",   2
   0  
    

             3       	
 
  
4/
    	 
 
   
0
1
2
3
4
5
0.0 2.00.4 0.8 1.2 1.6
plain matrix
1.0 % short dispersed glass fibre
0
1
2
3
4
5
0.0 2.00.4 0.8 1.2 1.6
plain matrix
1.0 % short integral glass fibre
strain [mm/m]
st
re
ss
[M
P
a]
strain [mm/m]
st
re
ss
[M
P
a]
  	
    	

 	
	  	   
 
     	

	 
  %      
 ! "  	  
	!
! " 
!
  		 
	  	   	    	 	    
  			        	               
       !       	  	       		

	
"  	    		    	 	         # 
   	 
	  		    	 	    	 
  
#  	 	      	 
	     $    	  # 
  %  #   	   
	 	 &      # 	  
   	  '  !( &        
	 			
       #         		 
	 % 	  	   
 	         ! )  
	 			  	 * 
 	  	   	  % 	 	  	        
   	   				        #  			  
	  		 
	  	 % 	      	      
       		          	    	
    #	        	  		 
	 +	    *  
 		 
	   	        	 
 	  	 
	
  	 		        	        		 % 	
$  	      	   		 
	    	     
	
% , 
	  	 	    	 	  	    #   
    	 
	- % 	  		   
       	   
	 
   	  	    	  #    	 	
         	 
	    	      
       		 	   %./   	   	 	    	 	0 	
'  (( "  	  
	             		

	   1    	   	  
	 			     
	
2 		 
	      3   		  		 		   
 
	 			  '  !4  	      
	0  	  	  
  			   '  ! " 	    	 	   #    

     	     	   
	       
,5
  	
 
 	 	
  	   	 
     
 
  
 
  	 
 
           !
 	    "#3$
%& & ' &(
)  ) 
* )  + '+( !+ ',(
-
 ! % 
     !! '+( !+ '(
-
 ! % 
    !+  '!( !.! '+(
   	
 
    
 	 
	
       
 

 
     
	
   	 	 
   	 	 		 


    	 	 
 
   
             !
"	 # $   
  	   
 
 	     	  
   		 
   
 
	
 
 	 %  & 
 !!   ! " #   		  
	
  
 
   
        		   
	
 
 	  ' 
  		 

 
  	 		         

 
	  "
	 	 	
 # 	 (    	
  
 
   
 

 
  
	  $   
     
 
 
    

 
 	  		    		      	
  
   	  
	

	
 
F
specimen
glue
steel
plate
dispersed
fibre
fo
rc
e
displacement
F
F
specimen
specimen
F
specimen
glue
steel
plate
integral
fibre
fo
rc
e
displacement
F
specimen

 	 
 & 	 /0  	  
   '	(  

  '
(
   	
	  	  	  	 	  	  

		
'     	
 
	 
	  
    ) 
	     

  			      
    	  
	 	 $   *    

    
  
	       
        
    		
  &
	 		     			      )  		        
 
	 

	
 
   
    
     
 

    
 
 
  	 
  
   )
  
  
   
 

+,
    	 
 
   
   	

 		 		
	  
 
 
  	

  	
         
     
   	      
         ! 
	 "    
     #        
	   	

 $%	 &           
 ! 
        '  (  & 	)	 * 
         (     
            
   	   	

 $%	 &     !  
    	
	 +   #        
	 & 	)	 ,             
     ! 
            
    	
 $%  & 	)	
0
2
4
6
8
10
0.0 0.5 1.0 1.5 2.0 2.5 3.0
short integral glass fibre
displacement [mm]
fo
rc
e
[N
]
0.0
0.2
0.4
0.6
0.8
1.0
0.0 0.5 1.0 1.5
embedded length: 3 mm
inclination to crack surface: 90°
matrix: M030 (w/b = 0.30)
short dispersed glass fibres
embedded length: 3 mm
matrix: M030 (w/b = 0.30)
inclination to crack surface: 90°
displacement [mm]
fo
rc
e
[N
]
  		
  	
 	   	 
 		    
 	
	 		 	    		 	 
0.0
0.2
0.4
0.6
0.8
1.0
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
displacement [mm]
0
2
4
6
8
fo
rc
e
[N
]
10
displacement [mm]
fo
rc
e
[N
]
embedded length: 3 mm
90°
matrix: M045 (w/b = 0.45)
inclination to crack surface:
short dispersed glass fibres short integral glass fibre
embedded length: 3 mm
matrix: M045 (w/b = 0.45)
inclination to crack surface: 90°
  	
  	
 	   	 
 		    
 	
	 		 	    		 	 
)'
  	
 
 	 	
  	  	 
   
   
 	 	  	 	 

 
     
   
     
 !	   
  " 
#$	#$ 
%  &' #"$#"$#" #($#$#"
#$	#$ %	
   
% &' #$#$#) #$#$#
*   
   "
#$	#$ 
%  &' #+$#(,$# #(,$#$#+
#$	#$ %	
   
% &' #$#$#+ #+$#($#
#$	#$ %	
  
% -   &' #+)$#$#)" #("$#$#+,
.	   
     
.	%   
   /

% ≥  
#$	#$ %	
   
% &' #)$#$#,
 !	   
  ( /
#$	#$ 
%  &' "#($(#,)$#, /
#$	#$ %	
   
% &' #$#"$#(+
*   
  + 
#$	#$ 
%  &' ,#$#,$)#+ +#$#$(#,
#$	#$ %	
   
% &' #")$#$#+ #)$#($#)"
#$	#$ 	
 &' +#)$#$#( #,$#)$#+
0	 	1 0(#+)1 0(#1
    	 

 
   	
  
 
	    
	 
  


   	 
  
      
  

   
 
!  "  

    
 
 
 
	    
   #  
 

 $		           
	 

" 
 
%  	
 &
	  '    
  

   
 !  " 

     
 
 
 
	  (  
 '  #   
    
     & )*
     !  "  
     
 
 
 
	
   
 ( 
+)
    	 
 
   
30°
0°
30°
60°
45°
90°
60°60°
30°
0°
30°
60°
45°
fracture surface
concrete
fracture surface
concrete concrete
plane fibres inclined fibres straight fibres
  	
  	
 	   	
	
 
  	   
  	  
           	 		
  	   	   	         
 	  	              
 	         !     "## 	 "#!
$       	  	 			     %
       		     & 	
   	    	  $ ' (  	 &
          	      )
	 &  	  *     &     
 &  	   $ + 	 '
0
1
2
3
4
5
6
7
8
9
10
0.0 0.5 1.0 1.5 2.0 2.5 3.0
displacement [mm]
fo
rc
e
[N
]
0
1
2
3
4
5
6
7
8
9
10
0.0 0.5 1.0 1.5 2.0 2.5 3.0
matrix: M030 (w/b = 0.30)
inclination to crack surface: 45°
matrix: M045 (w/b = 0.45)
inclination to crack surface: 45°
displacement [mm]
fo
rc
e
[N
]
  	 	
  	
 	 	  	
 
 

 
  
 
	     
  
  	 		     	 ,   	 & $
-  		  
 . /	   	  	  & "##
01 2 ##3  	  	    	 &     
 		   		    		    $
     4        		 	
	  5
5" %       		  	 	 
 & "##      	      *   6+
03 %              		
 	 & 	   		4 	     
	    7
+
  	
 
 	 	
  	  	 
   
   
 	 	 		 	  
 
     
	   
       !
	   
   "

 ≥   
#$	#$ 	
  
 %& #'  #$#!!$#(
)*	   
  + +
,   
     
#$	#$ 
  %& -#$ #!$#!( !#-$#$# 
#$	#$ 	
  
 %&  #"$#"'$#'(  #!$#"$ #
1
0
0
m

sleeve
filaments
(broken)
fibre hollow
1
m
m
cannula’s end
good
bond
2
0

m

 	  .   
  	 
 	 	     / 

   		 

   
 
	   
 
 	
   
		
 
   	 	
    	 
   
 

	 
 	 
	      
 
  	 	 
 

	 
	


	 
 
 	  
 	   	  

	 
!
	 
 		 
  "# 	 	    
$ 
 	  	   
  
    
	   
          	  
    	   	  
 
% 
    
  
 & 
	  
 
  '   
  	 
	  
 
"#$  	   
(	     
       
 

		 "  
#   	 	   
  " # 

		 
 	   
 
 

 
  
  	 

   

%  	 
 	      '
  
 	  	 
 

 	  


 

    	 
 
   
0
0.0 0.5 1.0 1.5 2.0 2.5 3.0
2
4
6
8
10
displacement [mm]
fo
rc
e
[N
]
pullout direction
pullout direction
fibre canal
viods adjacent
to fibre
integral fibre
0
0.0 0.5 1.0 1.5 2.0 2.5 3.0
2
4
6
8
10
0
0.0 0.5 1.0 1.5 2.0 2.5 3.0
2
4
6
8
10
pullout direction
fibre canal
500 m
500 m
1 mm
displacement [mm]
fo
rc
e
[N
]
displacement [mm]
fo
rc
e
[N
]
200 m
broken
sleeve filaments
inclined fibres: 45°
inclined fibres: 45°
inclined fibres: 45°
  	
   	 
	    	 

 		   
  		 	   	  	   
 	 

      

 		  
 
  	
 
 	 	
  	
  	
 
			 	 
	  	 		
	 	

	  	 		
	
	 
		
   
 
	  	  	
 	 
 	

	 
		 	 	
	 

	   	 	 	
  	 	 	 	 	 		
  
 	
	  	
   	
	 
 
	  	 	
	

	    	
 		  
		  

 
	 
   
		

	
   	
 
   
		 		 
	  	 	  	 

 

	 	    		 
		 ! 
	! 
		 	 	  	  
"# % ! 	  
 	
	  
	    		 
	   	 	 
	 
 
 
	 	
! !  
  $ 
 		 	  	 
  	
	
 	
	
 
 %&#$' ( ) #$'* +	 	
	 
	 	
	   	 
	
			  	
 
	  
		  	 
  	
 	
  
  	


   	
 
 	
 	
  
	  
	 
	 	 		 
 		 
	  
 

	  	 	 &
		
     	

	  	 		  
 
	    	
 		  
	 !	 +	 	 	
 	   
 	
	 
	 	  	  
		!  
 		 	


	 
	 	  	
 !  	   	
 	 	
	 
 
	 
  

	
, 	 	 

  			  
	
   
	  		
  
	 	 	
 	
  	 	! 
	 
		   !
 
	
		

  
	  	 	  	 	   
		 
  
		

 
	
	  ! 
 
	 	
	 	

	 
	

	 	!
 
	
	  	 	
	 

	     		
 	
   
	
	
 
 
 	

-		  	 	
	
 
  	 
 
 .	  

	 
	
	 	
	 	 	 
 		 
	
	 !  
 
	 	 
	 
	 			  	 
   	
	
 
 % *  
	
  
	 		  	 	
  
		  	  
		  
	  	  	
	 / 	 

! 	
		  
 	  
	
	 	  	 	 
	

    		  	
	 
 		 	  	 
  
	
	
 
 	  	   
 	
	   
 
	  	 
	
  	  	 	
	  		  
		  	 0		
  	  

	  
	
  	 		 
	 	   
		 	  	   


	

	

	 
 
	 
	 	  			 	!
  	 



 1! 	
 
   	 !
2 
	3 
 
	  	 4	5
		 
   
	 	
 	   	 

 
  
		 	
	 		  
	 !	 1		  	
 
		! 
	
 6	 
 	


	 
	  
	
  
	
 
  	 

 
  	 
	
! 
 	
	  
 
 
	 ! 	  	 		 
  7  
   
 
	 
	 
	.	!  	  	 !
 -	  	
 
 	
		
	  	  4			5  	 	!
 
 	
	  
	  
 	
 	
		 
 	
	 
 
	 ! 
	    			 		 

 	
	! 
  .!
89
  	
  	
    	    	  	     	
 	   		    	
      		
	 	 	 	
    	      	   
   	   
 	  	
 		  	  
	

	    		 
!"

  	

	
 
  	
   	
	   
 

	
 	  
    

  
	  
   
  	 	 
 

     
   
    
	   
 

   
	    
 
         
 
 

   
 
 
   
 
 
 
 
 
       
	   


  
  
  
 	   
 
	     
  
 

    
 

   
 
          
 
	 
 ! 

	


   
        
  
 
  
	    
   

 

	
   
  

  "# 
       
 
	 

 
 
 $
	 %&     
'    
 	    
  
 

  
   

 
 
 
 

  
	    

   
 	  
   
 
 
   
	   
  
  
 

(
 )*+ (
  
  
 
	 
	   
 
 
	
    	  
	  
,

 

	
        

 
 
 

   	     $
	 %* -.  
   
 

  
    
	 
   
   


   
  
  
/   

   

     
    $
	 %* -
	.   
 



    
 
0  
 
 	


   
 
 

 
  $
	 %+ 
   
  
    

   
     

  
  
 	
  
 
	  

  
	
 
  
 

 
 
   
 
   
	
  -i.  
 	 
	  
 
	    	 
 
	   FSi  li 
  
   
	  
 	
 
12
  	

	
 
cracked TRC
plate with
short fibres
yarn pullout test
single-fibre
pullout test
multifilament-
yarn
single
fibre
uniaxial tensile test
on composite material
one single-crack
macro-level micro-levelmeso-level
+
Multi-scale investigation
Multi-scale modelling approach
  	
   	
            	
        	      
	  	   
  
Si =
Ei·Ai
li
   Ei    	
 	 
 Ai    
	 

   

  	  
      	    
        	         

  	
    	

  
  	  	
	 
   !  
   Si
" 

			 

    	 
   	 # 	
 Fcf,i$  
   
%   	 i    & #	$  !   
	  %       
	 
	 	 '   
!   	 
  	

 

  	 
 
   	
  

        		 	   
 
   	

	  
 
 
%
 
		       
 
 

	
 
	  
   	 

      
   
	   
   
	 
   	  
 
   

	 

(  % 	 
 

  	 	
  
 

 
  	


        
   	 
  	 		  
%
 

 
 
     
  
 
 

		 % 
  
    
 
	  	  


	    	   !
 	     	
 
%  
 	  	
  
 
)*
  	
  	  	
  	
 
matrix
cross-links
fibre
cross-links
fibre
matrix
20 m
  	
     	
    	 	  	    
		 	
 	 
   		   	 
     	 

	 	 Fcb,i 
       	
         
	  	 
	   	      	    	     	
	       
    
     	
	  

  
!  

	 	 Fcb,i             	 	 
     	  

  
 	   	
  "	     	          
  
      	
	   	 
	 	 Fcf,i ≤ Fcb,i !  		  		   
           	 
 	  	   
# 	     $   	  	  	   	 
     
	% &       
  	
	  
  
	    % n' n ∈ [2, ..., N ]
    % N         	 
     
&       	  	'
  Ai = A = const 	 Ei = E = const
  !  
 	  	 
	       	
   wc,i 
      
	
        
  
 	 
	
 	
  	   (  	%  
  	
   	
   wc,3   
 3  	    (  
		 	  
 
)
  *
     %  	 	
  	
  !  	
      
	
 	
  	   ( 
   	  	 +  wc,1 > 0
#    	  	 
   " 
 ,$   (  	      (  	
 
 (       	  	  %               (  	
   	%   	
  	     	         
(   	 	  	   	
    (      	
          
	   	 
  	   
     

 ! 	   	
      ( 
     	     
&        
 	    
   		  	      
	
	
	          $
-.
  	

	
 
F
S1
FS1
l1
wc,1
Fcf,1
wc,2
Fcf,2
wc,N
Fcf,N
Fcb,1
Fcb,2
Fcb,N
wc,i
Fcf,i
Fcb,i
F
fibre
cross-links
crack
wc,N
wc,i
wc,1
matrix
matrix
fibre
A1
E1
S2
FS2
l2
A2
E2
Si
FSi
li
Ai
Ei
SN
FSN
lN
AN
EN
interphase
  	
  	 
    
wc,i
Fcf,i
Fcb,iSi
FSi
li
A
E
wc,i
Fcf,i
Si
FSi
li
A
E
  
 
	   
  	
  	   
   	 

 
  	 
	
  	 
        	  
    
   	  	  
  
        
   
      	     	  
  
     	 	  
  Ffra = FS1 < Fcb,1   

      	   	   !!    
"# !
∀Ffra = FS1 < Fcb,1
Δlfra =
Ffra
C1
$!%
&'
  	
  	  	
  	
 
  Ffra   	
 	        	
 	   


  
   Δlfra  
 
	  
    
  
	   	 
 
  
    		    C
F
all cross-links
are still intact
fibre
breakage
displacement
fo
rc
e
lfra
C1=S1
F
S1
FS1
l1
wc,1
Fcf,1
wc,2
Fcf,2
wc,N
Fcf,N
Fcb,1
Fcb,2
Fcb,N
wc,i
Fcf,i
Fcb,i
A
E
S2
FS2
l2
A
E
Si
FSi
li
A
E
SN
FSN
lN
A
E
FS1
  	   	
 	 	  	   	 
   
   	 
 
  
 		 
	      


		 
   
   
  ! 	
 
   	

 
	   
	 
 
 		 
 	 
  
	   
  	
  
   Fcb,i < Ffra < (Fcb,n +
∑i=n−1
i=1 Fcf,i) 
i ∈ [1, ..., n − 1] "   	 	
  
	  	 	 

     
 
    #  	 	
    	 	
 Fcb,i   $   
   	 	 

 
 
 
  			 
 	   

 
	   	 
 	
  
  !  	 $  
		 !	  
		
 $ 
	 
 
  
	  	
  	 	 
  	
  
  ! 
	 
   $

 
    
       
	   
 
 
! 		   	 %  &
 '  
   
 	

  
    $  
 
  		 &		 
  	 	'(   )*
$   
    	 	 
  
  
   
	 

Fcb,1 
 Fcf,1  
   
 
  			 
 	
  
  
 
 	
 Fcf,1+  
  	 , S2+  
 
	
 
  
 
	  -  
    	
 Fcb,1 − Fcf,1 
./
  	

	
 
  	 
  S2  	 
  
 
 
 	 

 
 
  S1 	 S2 
 
    	      

  
 	    
  
  	
  	  	   	
displacement
fo
rc
e
C =1 S1
C :2
1/C =1/S +1/S2 1 2
F
S1
FS1
l1
wc,1
Fcf,1
wc,2
Fcf,2
Fcb,1
Fcb,2
A
E
S2
FS2
l2
A
E
Fcb,1
FS1,drop1
F +Fcb,2 cf,1
le
Node 1
wc,N
Fcf,N
Fcb,N
wc,i
Fcf,i
Fcb,i
Si
FSi
li
A
E
SN
FSN
lN
A
E
  	
    	 	
  		  	  
! 
       
    S1  
  FS1,drop1
   ! 	 "S1, drop1#  	 
 	
 
    S1 
 

 
 	  
  $  
  
 %$ !     &
 ' (

	   )	 

 
 
  	 	 
   
	 

 Ai = A = const 	 Ei = E = const
FS1,drop1 = Fcb,1 ·
l1
l1 + l2
+ Fcf,1 ·
l2
l1 + l2
*'+
! 	 

 
   
 	      Fcb,2 + Fcf,1
, 
 
 
 
      
 	  	 	 ' 	 	
	      -
! 
 FS1,drop2    
	  	  
 
  
   


	 
 	  	 '   - . 
 	
   S2 

  
  	 
 
   
 

 
 Fcb,2 	 

 

 

	  S3 	   		  
  
 
  	 ' ! 

 	 '  	  
   S1 	  S2 	  
 
  
 
	  .	  
   
  	  
 	 	

  S1    		   ! 	   	 
 
   
 	
%$       &
 /0
FS1,drop2 = S1 · (Δl1 −Δl1,3) */+
12
  	
  	  	
  	
 
F
S1
FS1
l1
wc,1
Fcf,1
wc,2
Fcf,2
Fcb,1
Fcb,2
A
E
S2
FS2
l2
A
E
S3
FS3
l3
A
E
wc,3
Fcf,3
Fcb,3
Node 1
Node 2
displacement
fo
rc
e
C =1 S1
Fcb,1
FS1,drop1
F +F +Fcb,3 cf,2 cf,1
le
C :
+1/S
3
31/C =1/S +1/S3 1 2
F +Fcb,2 cf,1
FS1,drop2
C :2
1/C =1/S +1/S2 1 2
lp,a
l1
wc,N
Fcf,N
Fcb,N
wc,i
Fcf,i
Fcb,i
Si
FSi
li
A
E
SN
FSN
lN
A
E
  	
    	 	
  	 		  	 	 
 
Δl1   	
   S1    
     	 
Δl1 = Δle +Δlp,a =
Fcb,1
S1
+ ( 1
S1
+ 1
S2
) · Fcb,2 +
1
S1
· (Fcf,1 − Fcb,1)
Δle  	
   S1   
 
 Fcb,1  

Δlp,a   	
    

    
   
Δl1,3   	
   S1  	  
     	

  

   S3  	
 
  

 
 
Δl1,3 =
l2
S1·(l2−l1)
· [
(Fcb,1−Fcf,1)
l1+l2
· (l2 − l1 +
l3·l1
l2+l3
)− Fcf,2 ·
l3
l2+l3
− Fcf,1]
 
	  
         	
  	 

    	   	
	
   	 	

   
  	    
 	 
!"
  	

	
 
    	
     	
 n 
   
 
 

	     	 Fcb,n   	
 	  

 	 
	 	
	
    
F = Fcb,n +
i=n−1∑
i=1
Fcf,i ! "
#	  	   	
  	  
  
 $ 	
 


 	  	  %	 &  	  
 	 	
 '	 
   
  	

F
intact
cross-links
fibre
breakage
broken
cross-links
displacement
fo
rc
e
C1
Ffra
C2Fcb,1
Fcf,j
j=n-1
1
Ci+1
Cn
F + Fcb,2 cf,1
F + Fcb,i+1 cf,j
j=i-1
j=1
F + Fcb,n-1 cf,j
j=n-2
j=1
F
S1
FS,1
l1
wc,1
Fcf,1
wc,2
Fcf,2
wc,N
Fcf,N
Fcb,1
Fcb,2
Fcb,N
wc,n
Fcf,n
Fcb,n
A
E
S2
FS,2
l2
A
E
Sn
FS,n
ln
A
E
SN
FS,N
lN
A
E le lp
pullout force
  	
   	
 	  		  
 	 	 
	   
	   	 	 
#	   	  '	 		     	 
   

 	
 n   	
 	  

 	 
	 	 	
 
	   ( 
 	    '	    	  
  	 
  	 Ffra = FSi )   	 
 	  
	
*+
  	
  	  	
  	
 
    	
            
    
  
               
Δl = Δle +Δlp
∀F < Fcb,1
Δle =
Fcb,1
C1
Δle : Deformation in spring S1 when the critical load Fcb,1 is reached,
i.e. deformation of the fibre at the breakage of the first cross− link.
∀Fcb,1 ≤ F < Fcb,n
Δlp =
i=n−2∑
i=1
Fcb,i+1 + Fcf,i − FS1,drop′′i′′
Ci+1
+
Ffra − FS1,drop′′n−1′′
Cn
where :
1
Cn
=
i=n∑
i=1
1
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matrix M030 with 0.5 % short
dispersed glass fibres
= 195 mmd
matrix M030 with 0.5 % short
integral glass fibres
= 195 mmd
matrix M030 with 0.5 % short
carbon fibres
= 145 mmd
a) b)
c)
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matrix M045 with 0.5 % short
integral glass fibres
= 175 mmd
plain matrix M045
= 205 mmd
matrix M045 with 0.5 % short
dispersed glass fibres
= 175 mmd
matrix M045 with 1.0 % short
integral glass fibres
= 180 mmd
matrix M045 with 1.0 % short
dispersed glass fibres
= 175 mmd
a)
b) c)
d) e)
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100 mm
matrix: M030 matrix: M045
2 layers of textile
without short fibres
2 layers of textile
with 1.0 % short
integral fibres
100 mm 100 mm
100 mm
not available
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2 layers of textile
with 1.0 % short
dispersed fibres
2 layers of textile
with 1.0 % short
carbon fibres
100 mm 100 mm
100 mm 100 mm
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